One contribution of 12 to a theme issue 'The Human Physiome: a necessary key to the creative destruction of medicine'. Ageing and lifespan are strongly affected by metabolism. The maximal possible uptake of oxygen is not only a good predictor of performance in endurance sports, but also of life expectancy. Figuratively speaking, healthy ageing is a competitive sport. Although the root cause of ageing is damage to macromolecules, it is the balance with repair processes that is decisive. Reduced or intermittent nutrition, hormones and intracellular signalling pathways that regulate metabolism have strong effects on ageing. Homeostatic regulatory processes tend to keep the environment of the cells within relatively narrow bounds. On the other hand, the body is constantly adapting to physical activity and food consumption. Spontaneous fluctuations in heart rate and other processes indicate youth and health. A (homeo)dynamic aspect of homeostasis deteriorates with age. We are now in a position to develop computational models of human metabolism and the dynamics of heart rhythm and oxygen transport that will advance our understanding of ageing. Computational modelling of the connections between dietary restriction, metabolism and protein turnover may increase insight into homeostasis of the proteins in our body. In this way, the computational reconstruction of human physiological processes, the Physiome, can help prevent frailty and age-related disease.
Introduction
Old age comes with frailty and disease, or does it? While most older people suffer from severely diminished endurance, there are some who complete marathons and even Ironman events (3.9 km swimming, 180 km cycling and 42 km running). They are slower of course, but winning times for 70 year olds are less than 60% over those of the best athletes aged 30. Ageing is thought to be a very complex phenomenon in which interactions of many processes at several levels are involved. In this perspective paper, we examine how computational models of physiological processes may help to understand ageing. Understanding all aspects of ageing would require considering many processes, and we will therefore mainly focus on a few physiological processes which play important roles in ageing: changes in metabolism, the decline in physical endurance with age and heart rate variability (HRV). This choice does not mean that we consider other processes unimportant for ageing. However, we propose that metabolism and endurance are two key physiological processes that can be fruitfully investigated with computational modelling approaches in the coming years, given the current state of knowledge and availability of measurement technologies.
Human endurance can be quantified well and involves the coordinated effort of many physiological systems such as breathing, the pump function of the heart, transport of oxygen and nutrients in the circulating blood, mitochondrial energy generation, muscle contraction, nutrition, metabolism and integrated control of the human system by nerves and hormones. Many subsystems in the body interact in complex ways to make an athlete perform at maximal speed. Maximal oxygen consumption is a good predictor of life expectancy. Studying the physiology of endurance therefore forms an attractive test bed to find out how to study the physiology of ageing by integrative computer modelling of the human body.
Metabolism affects ageing and longevity to a remarkable degree, and forms the second aspect of ageing which we focus on in this perspective paper. Increased metabolism supplies the energy for physical exercise, but we will see below that sufficient metabolic capacity is also a key requirement for healthy cell function in general. In a certain sense, keeping the body healthy is a highly competitive sport, even if we do not run the marathon. Metabolic processes support brain and heart function, immune cells and tissue repair, among others. Changes in metabolism brought about by interventions in nutrition or in hormonal regulation turn out to have big effects on lifespan, ageing and health.
Metabolism provides not only energy by burning the carbohydrates and fats in our food, but also small molecular building blocks, such as amino acids and fatty acids, which are used for synthesis of the macromolecules such as proteins and lipids. Metabolism is therefore of enormous importance for muscle building and energy turnover. The dark side of metabolism is that it can be the source of oxygen radicals and other by-products which damage macromolecules. To counteract damage, metabolism supports detoxifying processes. It is the balance between damage and repair rather than their individual rates that is important for ageing. It is striking that hormones which regulate the link between food intake and metabolism, such as insulin, appear to have a strong effect on longevity [1, 2] . Signals from hormones and nerves impinging on the cells stimulate intracellular signalling networks, including the allocation of metabolic resources between activities such as maintenance and growth. Some proteins in these intracellular networks, such as insulin receptors and mTOR, also affect ageing strongly. This suggests that signalling networks which coordinate metabolism and nutrient uptake throughout the whole body modulate ageing. Top-down signals which coordinate whole-body physiology therefore play roles in ageing and the decline of endurance.
The interplay between many regulatory networks is involved in dynamic adaptation of the body to varying circumstances. Especially in young persons this creates a flexible and usually fluctuating physiological system, as seen in the variability of heart rate which declines with age. Rather than static regulation of body processes (homeostasis), very dynamic, sometimes chaotic patterns of regulation are seen ('homeodynamics') which form the third aspect of ageing treated in this perspective paper.
Considering that metabolic pathways consist of thousands of distinct enzymatic reactions and that multiple hormones and neural signals affect ageing via complex networks of intracellular signalling, it is no wonder that multiple factors have been proposed to play a role in ageing and that interactions of many processes (metabolism, molecular damage and repair, hormonal regulation, intracellular signalling, tissue homeostasis, etc.) must be considered to understand ageing. Making use of computer modelling to sort, arrange and explore such intricate and extensive systems is critical to understanding interactions between molecules, cells, organs, etc. Mathematical reconstructions of the relationships among system elements can be used to describe interactions among modules, i.e. independently operable units, even across several levels. Our physiome, the functional or operational behaviour of our molecules, cells, organs and bodies as a whole, is multiscalar in nature, long recognized in the teaching of physiology and medicine and nowadays including molecular biology and the regulation of transcription from the genome.
The goal of the 'Human Physiome project' is to define precisely the interactions occurring within the human body and to integrate the knowledge of the essential interactions in quantitative computer models. Making human physiology 'computable' provides insight into how the body functions as a whole. The physiome approach contrasts with genomic projects to determine the sequence of bases in the DNA and to catalogue all the molecules found in the human body in databases, e.g. proteins in the proteome and metabolites in the metabolome. At the subcellular, molecular level, the science that addresses the study of molecular interactions in large networks is often termed 'systems biology', but the human body includes elements at several scales (molecules, cells, tissues, organs, whole body). The Human Physiome not only addresses processes that traditionally were studied in physiology, but necessarily incorporates the molecular and cell levels, the intracellular organelles and the signalling pathways that regulate the manufacturing of new proteins from the recipes in the DNA and the clearing out of damaged proteins from the cell. At larger scales, the Physiome further defines the functioning of cells, tissues, organs and the body as a whole. Essential aspects of functioning at these larger scales can usually be understood through knowing only selective molecular details, not everything at all levels. For instance to understand why human postural control declines with ageing [3] , we do not need to know all molecular details. Computational model analysis shows that even if the parameters that govern molecular processes are imprecisely known, it is often still possible to calculate relatively precise predictions at the level of cell or body functions [4, 5] .
In this paper, we discuss how the decrease of endurance and the changes in metabolism with ageing may be understood better in the near future by using computer simulations and quantitative analyses. The human body is a large system consisting of so many parts and interactions that its complexity overwhelms the capacity of an ordinary human for understanding. This is illustrated by the chain of physiological processes from breathing to mitochondria that play a role in oxygen transport and consumption and therefore in human endurance. The factors which limit endurance gradually shift during ageing. The complexity of the system is reflected in the complex temporal structure of physiological signals such as heart rate or breathing pattern. Quantitative computer models will be helpful to understand and prevent ageing processes that affect endurance. Understanding the bases for endurance and the robustness of metabolic systems in some aged individuals should be an achievable goal towards the description of the Ageing Human Physiome. This should be useful for understanding and prevention of frailty and age-related disease.
Ageing: the balance of damage and repair
Ageing can be described as a process of intrinsic deterioration with time that causes decreases in strength, endurance and rsfs.royalsocietypublishing.org Interface Focus 6: 20150079 fecundity, and increases in disease susceptibility and likelihood of death. Walter Cannon opened his classic book on human physiology with the sentence: 'Our bodies are made of extraordinarily unstable material' [6, p. 19] . It is therefore to be expected on the one hand that the body is affected by its hostile environment and slowly degrades, much like man-made objects, while on the other hand it is the efficacy of maintenance and repair processes which determines how long it takes for this eventual degradation to occur. It is generally thought that the ultimate cause of ageing is damage to the macromolecules that constitute the human body [7 -12] . If not repaired, this damage will gradually accumulate, and for instance lead to increasing oxidation of DNA. The proteins that form roughly three quarters of the dry weight of the human body are subjected to oxidative or other damage as well. The damage may seem unavoidable when we consider that the energy which makes the human body work is derived from the 'burning' of nutrients, mainly carbohydrates and fat which react with oxygen. The violence of the combustion process has been harnessed in the cells by multistep enzymatic processes which produce small, convenient parcels of energy in the form of ATP molecules. Unfortunately, this does not completely prevent damage to the macromolecules by dangerous metabolic by-products, for instance generated during the splitting of glucose or during the transfer of electrons from nutrients to oxygen. Note that the macromolecular building blocks of the body are under threat from both the reducing power of sugars like glucose and also the oxidative power of oxygen. The danger of glucose is demonstrated by the damage to blood vessels occurring during uncontrolled diabetes which results in high blood sugar levels. The danger of oxygen is demonstrated by toxic effects in the lungs, eyes and central nervous system when pure oxygen is inhaled. On the one hand, the transfer of electrons from sugars to oxygen is a major source of energy supply for cellular function and required for normal brain function, on the other hand sugar and oxygen are potentially damaging.
Damage to macromolecules is repaired continuously throughout the body. It is the balance of damage and repair that is important. Several biochemical systems repair damaged DNA [11] . Proteins are constantly broken down and replaced by newly synthesized proteins. Proteins which have lost their correct folding structure are also refolded. Refolding and breakdown followed by resynthesis together form the process of proteostasis which preserves the content of undamaged proteins in the cell. However, the balance of molecular injury and repair is apparently such that at certain moments there is still net accumulation of damaged molecules, and the question therefore is whether damage can be minimized or whether the repair processes can be made more efficient. Apparently evolution has chosen not to invest in perfecting cell and tissue repair processes. By analogy, very old cars can be repaired and kept running although at substantial costs, but why bother when you can buy a new car with novel and improved technology for the same amount of money or less? Perhaps evolution has made a similar choice for animals and humans. This does not mean that repair and maintenance processes in our body cannot be made optimal by human ingenuity and intervention in order to prevent frailty and age-related disease.
Damage is often due to the generation of oxygen radicals [8, 12] which react with DNA, proteins and other macromolecules.
However, proteins are also changed in other ways, by removal of nitrogen-containing side-groups from amino acids (deamidation), rearrangement of chemical bonds (racemization) and breaks in the chains of amino acids that form the proteins [13] . These forms of damage may in particular be found in proteins that persist in tissue for tens of years without turnover, such as the proteins forming the lens in the eye or elastic fibres in lungs and blood vessels. This non-oxidative damage may be increased by the heat generated as a side effect of metabolism in the human body. Proteins are continuously broken down and re-synthesized through transcription, replacing damaged ones [14] . The proteins of the heart turn over at an average rate that would replace all proteins in the course of a month, although each protein has its own half-life [15] . On the other hand, some proteins in the human body, in particular those with structural functions, are not replaced for tens of years. Examples are the proteins crystallin in the lens of the eye, elastin in the lungs and dentin in the teeth. People born at the time of nuclear bomb testing in 1945-1962 still had high amounts of radioactive carbon in these proteins in later years, showing that these molecules have not been replaced since that time [13] . Measurements of radioactive isotopes in the cortex of the brain also show lack of turnover of DNA. Some macromolecules therefore accumulate damage: the loss of the ability to adjust the shape of the lens to deliver sharp vision correlates with the accumulation of modified amino acids in the proteins in the lens [13] . To what extent similar changes in structural proteins in the lungs and the walls of blood vessels determine decline of function remains to be determined.
Not only oxygen radicals cause damage, but sugars and methylglyoxal, a by-product formed during glycolytic breakdown of glucose, react with macromolecules and damage them by forming glycation end-products [16] which accumulate during ageing and at a particularly high rate during diabetes. Last but not least, an often neglected by-product of metabolism, heat, may cause problems due to failure of efficient temperature regulation in older people [6] increasing damage caused by high body temperature. Environmental toxic chemicals may also affect ageing [17] . More so than visible damage (e.g. fractures, cuts, bacterial damage to teeth), microscopic damage to macromolecules may drive the ageing process.
The damage to macromolecules gradually affects cellular subsystems, e.g. the mitochondria. The mitochondrial free radical theory of ageing proposes that reactive oxygen species (ROS), leaking from the mitochondria during normal oxidative metabolism, cause damage to the cellular macromolecules which accumulates in the course of life [18] . The accumulation of damage to mitochondrial DNA is thought to form an important cause of ageing. As a consequence of oxidative damage to the mitochondria, increased generation of oxygen radicals may result, resulting in a vicious cycle. Increased levels of 4-hydroxynonenal, resulting from oxidative damage to lipids, were found in liver and muscle of aged mice [19] . Clearance of damaged mitochondria by autophagy, a process which removes parts of the cell by 'self-eating', accompanied by resynthesis of new mitochondria does not provide wholly adequate repair in the long run. However, not all measurements support extensive and increasing oxidative damage with age: only modest increases in carbonyl content, indicating oxidation of proteins, were found in the brain and liver from old rats, but no difference was observed in lipid peroxidation rsfs.royalsocietypublishing.org Interface Focus 6: 20150079 products in the brain beyond six months of age and in the liver beyond one month [20] , which is short relative to the 2-3.5 year lifespan of a rat. Many studies have been inspired by the free radical theory of ageing, but a recent review reports results that have often failed to support this theory [21] . However, if oxygen radicals reach their targets via short pathways that are not accessible to antioxidants, contradictions between the theory and the experiments may be resolved [9] . It is clear that oxygen radical generation and its damaging effects on the mitochondria are closely linked to metabolism. Rather than just causing random damage, ROS are thought to play a role in signalling as specific regulators of cellular defence mechanisms which increase stress resistance and promote longevity, a response termed 'mitochondrial hormesis' or 'mitohormesis' [22] . In any case, if ROS are involved, they will probably not be the only drivers of the ageing process [9] .
Damage to DNA, proteins and mitochondria are not the only processes to explain ageing. Erosion of telomeres, the end caps of chromosomes, is considered an important cause of the arrest of cell division in senescent cells [23] . Errors arising in nuclear DNA during replication in haematopoietic stem cells may play a role [24] and clonal somatic mutations in haematopoietic stem cells predispose to disease and increase mortality with ageing [25, 26] . Increases in inflammation, innate immune cell activity and senescence may lead to failure of proteostasis, at least in model organisms [11] . Systems for molecular integrity control appear to have limits of perfection: they may manage to control damage for a certain time but fail eventually. Interconnections between telomere dynamics, metabolism and stem cell function [27, 28] entail that DNA damage may for instance lead to mitochondrial dysfunction and vice versa. The processes mentioned above provide many hypotheses on the causes of ageing [7] . However, these may not be mutually exclusive and may be different aspects of the complete story. Although computational models of damage processes have been published, we barely touch on this topic, in order to focus on the modelling of changes in metabolism and endurance. However, metabolism is on the one hand linked to damage, for instance via oxygen radical generation, glycation and heat generation, and on the other hand linked to repair, for instance via protein breakdown and synthesis and detoxification of oxygen radicals. Damage and repair are important for ageing. Metabolism is in turn important for damage and repair [6, 9, [16] [17] [18] [19] [20] [21] [22] .
Given the damage to molecules and organelles inside the cell, at some time the damage is recognized at the whole cell level. In skeletal and cardiac muscle, this can lead to decreasing mass and force, resulting in diminished endurance. Some dysfunctional cells die or commit a kind of cellular suicide termed 'apoptosis', while other become 'senescent', failing to divide or function normally and affecting surrounding cells negatively, leading to diminished function of the tissues. In the young, defective cells can often be replaced by new ones to maintain the tissue in good condition. Muscle is regenerated after injury from satellite cells, which are specialized muscle stem cells. This regeneration starts to fail in older mice. Mutated stem cells may emerge and proliferate with DNA damage accompanying replication [29, 30] . However, the failing stem cell system can be rescued by bringing the tissue in contact with blood from younger mice or by providing the protein growth differentiation factor GDF11 in the blood [31] . This suggests that hormones determine stem cell function and failure of cell replacement is an important cause of ageing. However, also in stem cells metabolism may play a very important role. Haematopoietic stem cells with faulty mitochondria have been shown to function badly [29] and metabolism may be an important determinant of stem cell function. The immune system also plays an important role: declining function has consequences for immune surveillance of organs, increased risk of infections, changes in the gut microbiome with consequences for metabolism [32] and autoimmune diseases. Regulatory T cells accumulate in fat during ageing and the activity of these cells worsens defects in metabolism [33] .
In this perspective, we focus on metabolism. The effects of metabolism on ageing and health may for an important part be due to the effects of metabolic processes on the balance of damage and repair. Disruption of this balance may affect endurance, for instance by causing defects in tissue repair in muscle or in the maintenance of the mitochondria that provide the energy for muscle contraction.
Athletic performance, activity and age
It is important to relate athletic performance to age for both recreational and competitive athletes. One of the many physiological factors known to change with age is maximal oxygen consumption (VO 2max ). VO 2max is a generally accepted overall best measure of whole body work. It represents the maximum amount of oxygen that the body can take up per minute per kilogram body mass. Sid Robinson [34] was the first to record VO 2max as a function of age, showing that it increased only slightly in boys, per unit mass, as they grew, peaking at almost 50 ml kg 21 min 21 in the early 20s and then declining to half that at age 75. Many other researchers followed, reporting on various aspects of the relationship. The relationship between age, gender and VO 2max is important to athletic enthusiasts at all levels of participation to understand their maximal metabolic function and in the designing of exercise prescriptions with the goal of improving their endurance capacity. Today, the information is critically important to competitive athletes as endurance events are often won by time differences measured in seconds. Recently, Malkinson [35, 36] has reported the results of his investigation into the relationships between lifelong male and female VO 2max and age-division marathon and Ironman triathlon performance. Figure 1a shows the linear decline in VO 2max that occurs with age in male and female sedentary individuals. Men consumed significantly more oxygen than women in all 5-year age-divisions, indicating that they are doing more work to reach their maxima. For endurance-trained people, figure 1b, the decline in VO 2max also occurs with age, but only after a peak in the late 20s. Endurance-trained athletes have greater capacity to process more oxygen at all ages: training enhances VO 2max . Many factors contribute to the decline and to the difference between males and females. The question is whether the limitation occurs exclusively at the cellular level by changes in cellular energetics and mitochondrial efficiency. There may be other impediments to oxygen uptake and transport from the alveolus to the body tissues.
Endurance athletics statistics tells us that over time there are accumulations of skill, knowledge or physical capabilities that lead to peak performance being reached in the early thirties, as shown for both marathon (figure 2a) and Ironman triathlon performance (figure 2b). Event rsfs.royalsocietypublishing.org Interface Focus 6: 20150079 performance data can be compared with the lifelong changes in VO 2max in endurance-trained athletes presented in figure 1. Maximal aerobic capacity occurred in the agedivision 25-29 and maximum event performance occurred in the age-division 30-34.
These data raise the question of the physiological basis for the changes over time. They also raise the issue of what this means in terms of health and daily functioning. Tanaka & Seals [37] expressed it graphically, exposing a view that aerobic capacity is a measure of the safety margin keeping our system out of 'frailty'. Frailty is defined as the manifestation of decline in physiological functions and the inability to maintain homeostasis [38] . In figure 3 , aerobic capacity is plotted versus age of women aerobically trained for at least 2 years with road-racing competition (closed circles) versus age of sedentary women (open squares), who performed no regular exercise and had body mass indexes (BMIs) more than 35 kg m
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. The provocative analysis shows that the average VO 2max at age 80 for the athletic women and for the sedentary women at age 50 is about equal. With regard to aerobic exercise capacity, athletic women are 30 years younger. At age 50-55 exercisers had more capacity than sedentary 20 year olds. Is there a relationship between level of physical activity and health? Not only were effects found of extensive endurance training, but also a relation has even been found between sitting time and premature death. In short, TV viewing is rather deadly. Katzmarzyk et al. [39] , Dunstan et al. [40] and Stamatakis et al. [41] showed associations between sitting time and mortality. In 20 000 Australian men and women, 1 h d -1 increase in viewing time was associated with an 18% increase in cardiovascular disease mortality, and an 80% increase for viewing time more than 4 h d rsfs.royalsocietypublishing.org Interface Focus 6: 20150079 endothelial cells and decreasing endothelial nitric oxide synthase (NOS) expression. They also noted that the lowgrade inflammatory marker, C-reactive protein, was twice as high in those with more than 4 h d 21 viewing compared with those less than 2 h d
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. Watson et al. [42] noted that hind limb unloading of rats decreased protein synthesis rates within the first 6 h. Even passive bending of bone changes gene expression [43] . This is to be expected in a system in which the regulation of transcription is changing, often dramatically, with each change in physiological activity.
The inference from figure 3 is that low maximal aerobic capacity (VO 2max ) is a biomarker, not for imminent death, but for shorter life expectancies, perhaps by many years. To be sure, the decline with age seems inevitable. Even so, it is clear that how we treat our bodies can have an influence, as demonstrated by the outstanding performances of elderly people in figure 2 . A truly exceptional case, Olga Kotelko, aged 93, is the subject of Grierson's book 'What makes Olga run?' [44] . Olga is competing in multiple events, from javelin and the sprints to the shot put and the high jump; she holds 23 world records, albeit for her age groups. There are genes associated with athletic abilities, e.g. ACTN3, which comes in two forms, fast for muscular power and speed, and slow for endurance, and Olga is þ/þ for the fast form, but otherwise there seems to be nothing special about her genes. What is special, however, is her desire to compete and her ability to get joy out of hard training. Competitive people like Olga seem to thrive mentally as well as physically.
Is the message that exercise and even mild physical activity inhibit cellular and mitochondrial degeneration? That is undoubtedly too simplistic a view. Endurance depends on lung and heart function and blood vessels to transport oxygen and nutrients to the muscle and to remove waste products such as carbon dioxide, lactic acid and heat. Though it is the cell that drives transcription, and the cell that makes the shopping list of which items to pull from the shelves of the DNA store, the cell has to sort messages coming from the humours of the body, emanating from other tissues and organs, and from the brain, by neural transmission, often reflecting the state of the milieu exterieure. Below we will examine how computational modelling may help to determine which components in the human physiological system play a role in the decline and how they contribute quantitatively to the limitation of endurance. Whether enhanced cardiorespiratory fitness also affects metabolism and resilience positively in parts of the body beyond the muscular system is another intriguing question to be answered.
Homeostasis 4.1. The classic story
A central idea in human physiology is that regulatory processes keep the state of the internal environment within a relatively narrow working range despite large changes in the external environment. This is termed 'homeostasis' [6] . An example of such natural regulation is that the temperature in the core of the resting body is kept relatively close to 378C, even at high or low air temperatures. Homeostatic processes are also very active when disturbances come from within the body, for instance heat generation in the muscles during exercise. About 1600 watt of heat can be generated in a pro cyclist climbing a mountain road [45] . Humans have the capability to hunt animals in hot conditions by having greater endurance and better temperature regulation than their prey, something probably important to human evolution [46] . This would not be possible without temperature homeostasis which prevents the proteins in our body from coagulating during exercise like in a boiled egg [6] . Another well-known example of homeostasis is the regulation of blood sugar level in healthy people by insulin. Large amounts of sugar are used as fuel for the muscles and metabolic homeostasis is therefore important during exercise. Owing to metabolic homeostasis the cells are supplied with sufficient nutrition, even when the last meal was hours ago. On the other hand, the body is not overloaded with too many harmful sugar molecules after a copious dessert. Although homeostatic processes appear to be very efficient, it is striking that the regulatory capacity of our body ultimately always fails against one condition: the progress of time which makes us age and die.
Claude Bernard, a key figure in the history of physiology, wrote already in the middle of the nineteenth century: 'The human machine shall be more perfect the better that it defends itself against the penetration of influences from the external environment; when the organism ages and grows weaker, it becomes more sensitive to the external influences of cold, heat, humidity, as well as to all climatic influences in general' [47, p. 137] . In his experimental studies, published in 1865, Bernard found that the understanding of physiology lay in examining the intact functioning organism and in figuring out the mechanisms by which the behaviours of the parts were integrated [47] . His modesty, integrity and openness in performing and interpreting experiments helped him to find explanations. Through his experiments, he unravelled one mystery after another in his early years, and with the depth and elegance in his writings on the scientific method [47] he transformed biological and medical science: 'Je crois avoir le premier insisté sur cette idée qu'il y a pour l'animal réellement deux milieux: un milieu extérieur dans lequel est placé l'organisme, et un milieu intérieur dans lequel vivent les éléments des tissus.'. He emphasized 'La fixité du milieu intérieur est la condition de la vie libre, indépendante' for the milieu intérieur maintained all the conditions necessary for the life of the body's anatomic elements, from cells to organs. He demonstrated that levels of glucose, oxygen, carbon dioxide and other solutes varied over time, though constrained. Bernard emphasized the constancy of the internal environment in the body, 'le milieu intérieur'. It is clear that this constant environment requires regulatory processes to achieve constancy of the fluids bathing the body cells. In Walter Cannon's words [6, p. 24] homeostasis means ' . . . the coordinated physiological processes which maintain most of the steady states in the organism . . . The word does not imply something set and immobile . . . (but rather) a condition which may vary, but which is relatively constant'. Important disturbances of the balance may come from inside the body when during exercise energy turnover goes up drastically, leading to intense heat generation and manifold increases in energy and oxygen demand.
Cannon examined ageing of homeostatic mechanisms and noted that 'in temperature regulation, in the storage and use of sugar in the body, and in the maintenance of the acid -base balance of the blood the homeostatic mechanisms, when subjected to stress, are revealed to be more and more limited . . . as life advances into the last decade.' [6, p. 214]. He also noted: 'There are few stars in sport after
Regulation of body processes is based on input from sensors throughout the body. There are for instance temperature sensors in the brain and skin. This provides input for regulation via the nervous system that sends signals to the skin to stimulate sweating or increase blood flow to the skin. If the body temperature rises too high, these cooling processes are stimulated and provide negative feedback. Another example of homeostasis is the regulation of blood glucose levels. The beta cells in the pancreas sense the glucose level, and excrete insulin in case blood glucose levels get too high which stimulates glucose uptake in the cells. This is an example of feedback employing hormones. Feedback that is not strong enough may cause problems, but feedback that is too strong or too delayed is a cause of oscillation and instability, well known in engineering. A lot of spontaneous fluctuation is seen in normal physiological processes; extremes, as in the exaggerated oscillation of CheyneStokes breathing or the lack of fluctuation in heart rate with age, are signs of loss of appropriate control.
The dynamic side of homeostasis
Homeostatic processes do not keep key variables in the human body absolutely constant. The core temperature shows diurnal variation and goes up substantially during intense exercise. The glucose concentration in the blood increases temporarily after a meal before being regulated back to resting levels. Variability and fluctuation are parts of the normal state of the human body. While Claude Bernard's statement 'La fixité du milieu intérieur . . . ' stimulated Cannon in 1932 [6] to think of 'homeostasis' as characterizing the milieu intérieur, it is safer philosophically, and truer scientifically to think of the system as being 'homeodynamic'. We can define a homeodynamic system as one in which there are many controllers of elements of the system whereby the system is loosely regulated, but sturdy, with robust responses that maintain the milieu within broad limits. The beauty of the homeodynamics is that the regulation is softer, more flexible and less subject to injury. Marey [48] in 1863 reported the wanderings of the normal blood pressure, with slow undulations over uneven length periods lasting tens of seconds to minutes, seemingly a dynamical system. 'Tight control', forcing a system to operate within very narrow limits, is energetically expensive and inevitably fragile [49] . Dynamic control in response to a dynamic, fast-changing environment is a hallmark of healthy human physiology.
It may even be that certain forms of variability are hallmarks of youth and health. This may indicate that not only cellular function, but also control systems age. One piece of evidence is a decrease in HRV and its dynamic complexity with age. Approximate Entropy, ApEn, provides a measure of this complexity derived by plotting successive RR intervals in two-and three-dimensional space and calculating the distances. The analysis by Pincus (1991, unpublished data, given in [50] ) showed that with age the complexity decreases in both men and women (figure 4a). The interpretation is that the variation diminishes because there are fewer controllers. For example, young people have striking changes in heart rate with each breath: as described by Shepherd [52] 'lung inflation causes a reflex decrease in blood pressure as a result of dilatation of systemic vessels, bradycardia and a negative inotropic effect on the ventricles. This lung inflationvasodepressor reflex is due to activation of low-threshold pulmonary stretch receptors, subserved by vagal afferents'. This is the Hering-Breuer reflex, described in 1868, one of a host of regulatory responses to perturbations. Closely related is the 'Bainbridge reflex', an increase in heart rate with filling of the right atrium as enhanced during inspiration. Shepherd's review [52] portrays the complexity of the interaction of these reflexes with other elements of cardiovascular control. With age, the sensitivity of these reflexes diminishes and heart rate varies less.
A typical measure of HRV from 24 h Holter recordings, as used by Kleiger et al. [51] , was to take the variance of the RR interval over a 60 s period. They observed in patients after a myocardial infarction that death was much more likely if the HRV was small (figure 4b). These observations gave credence to Goldberger's idea that decreased HRV gave a premonition of sudden cardiac death [53] . The explanation proposed is that high HRV is inherently healthy, for it is 
become less efficient, so the variability diminishes. And in the case of Kleiger's patients who had myocardial infarctions and inevitably had abnormalities in the spread of excitation across the ventricles, the small variance presaged sudden death. HRV is easily measured and provides a convenient window to look at homeodynamics in the human body. HRV analysis has also been applied to assess athletic training [54] . Decline of HRV during ageing may therefore be considered for computational modelling.
Metabolism and homeostasis
Nutrients, absorbed in the gut and delivered to the cells via the blood, are extensively processed by a large number of biochemical reactions in the body which together form human metabolism. Metabolism enables cell growth, division, maintenance and supplies the energy for muscle work. Cell growth and intracellular turnover of energy and molecules are coordinated with the direct tissue environment to fulfil the body's requirements, such as repair of injured tissue or build-up of muscle mass during exercise training.
It is remarkable how often metabolism is mentioned in the scientific literature as a factor that modulates ageing. Caloric restriction, which means restriction of the amount of food that is consumed, is one of the few interventions proven to increase lifespan in many organisms [55] . However, studies in rhesus monkeys gave contradictory results with regard to survival outcomes, although health effects were generally positive [56, 57] . Studying the effect of caloric restriction on the survival of human subjects is of course difficult, and requires very long-term studies; nevertheless, a 2-year study suggests a positive influence of caloric restriction on correlates of survival and disease-risk factors [58] . Lifespan is also increased by disruption of signalling via insulin and insulin-like growth factor (IGF) or using the drug rapamycin to inhibit mTOR, a protein that signals the status of nutrient supply [55] . Indeed, 'a hallmark of ageing is dysfunction in nutrient signalling pathways that regulate glucose homeostasis' [1, 11] .
Amino acids absorbed from food or synthesized in the body are the building blocks to synthesize proteins which form about three-quarters of the dry mass of the body. Protein synthesis also requires substantial amounts of ATP, which forms another link to small-molecule metabolism. Despite constant renewal and proteolysis there is an age-dependent deterioration of the balance: the proteome, the complement of all the different proteins in the cells [59] , does age. However, although changes in proteins are large in roundworms, a favourite model in ageing research, in mice such changes during ageing are modest [60] . Given the substantial effect of caloric restriction and of genetic and pharmacologic manipulation of signalling molecules which regulate metabolism, understanding the role of metabolism during ageing should be a prime target of quantitative computational modelling [61] . Physical exertion leads to a large increase in oxygen consumption and ATP synthesis, and protein synthesis in muscle is stimulated by insulin and IGF [62] , signals linked to metabolism that affect ageing strongly. In order to investigate the effect of ageing on endurance, modelling of metabolism will be indispensable.
Mitochondria play an important role in metabolism and are powerful producers of ATP which provides the energy for contraction in heart and skeletal muscle and for information processing in the nervous system. However, ATP is also needed for breakdown and synthesis of proteins and other macromolecules, cell growth and maintenance. The contribution of mitochondria to ageing is often discussed in terms of their contribution to oxygen radical formation. However, in mice whose mitochondrial DNA replication is faulty because of genetic interventions, ATP synthesis may be compromised. Not only does skeletal muscle show low ATP levels in these mice, without increase in oxidative damage [63] , but even haematopoietic stem cells function badly, although they contain only few mitochondria [29] . Mitochondria may be causal players in cellular senescence [64, 65] . A mitochondrial cascade hypothesis has been proposed to explain late-onset Alzheimer's disease, stating that a decline in mitochondrial function precipitates the disease and enhances amyloid-beta accumulation and regional brain atrophy. Given the decline in glucose uptake and oxygen consumption which precedes clinical symptoms, the role of energy metabolism in Alzheimer's merits serious consideration. Given the widespread effects of energy metabolism and its link to endurance, the investigation of its role in ageing is desirable.
Reconstructing and modelling human metabolism
Human metabolism is being reconstructed computationally. The present compilation of known biochemical reactions in the human body comprises about 7440 reactions [66] and has been termed Recon 2 ('recon-struction' of metabolism). Although the number of reactions is large, Recon 2 is probably not complete or error-free and will require continuous improvement. Recon 2 sums up the type and number of molecules consumed and produced by each biochemical reaction in computer-readable form. This biochemical information is linked to the gene(s) for the protein(s) which form the enzyme that catalyses the reaction. The products of one reaction form the input for other reactions, which implies that a large metabolic network can be assembled from the reconstruction. Figure 5 shows an example of a metabolic network representing brain metabolism. The network's mathematical representation enables calculation of the metabolic fluxes (rates of the biochemical reactions). For the calculation, the assumption is often made that production and consumption of intracellular metabolites is balanced over time intervals which are not too short [68] . This approach, termed flux balance analysis (FBA), does not preclude slow changes in metabolite levels during ageing or disease, as long as the rate of change of the metabolite pools is negligible compared with the fluxes into and out of a pool. The balance assumption can be combined with knowledge about those reactions which are irreversible, meaning that they run only in one direction. When the exchange fluxes of metabolites between blood and an organ have been measured they can be imposed as additional constraints, and possible flux distributions in the metabolic network can be predicted. When metabolite exchange measurements are not available, one can optimize a cost or profit function which is assumed to represent the functional goal for the metabolic system, e.g. making the cell grow as quickly as possible, or making as much energy available to the cell as possible given a limited nutrient supply. For such FBA approaches, linear programming or quadratic programming methods are applied [68] . An example of the prediction of fluxes starts from the measured exchange of oxygen, glucose, lactate, pyruvate, ketone bodies and amino acids in the brain of young and elderly people [69] . These measured exchange rates form the input for a prediction of the flux distribution in a model of brain metabolism [67, 70] . Because of the many degrees of freedom involved in large biochemical systems, the distribution of metabolic fluxes inside the network can usually not be uniquely determined and a range of reaction velocities are still possible. Monte Carlo methods can then be employed to explore the full solution space compatible with the measured input and output to the network [67, 68] , generating a random selection of possible flux patterns. Uncertainty quantification, the UQ paradigm for the accuracy of prediction, is of particular importance with relatively unconstrained analysis like FBA [71] . It is also possible to determine for each reaction in the network what the maximal and minimal fluxes are under the boundary conditions imposed on the model, an approach which is termed Flux Variability Analysis. Computer simulations can help to determine which additional measurements are needed to uniquely determine the full flux pattern. Using such methods, the changes in metabolism during ageing may be quantified. Developing and validating specific models for the many cell types and organs in the human body will be a time-consuming task, but one that may be worth the effort given the importance of metabolism for ageing and health.
The downside of FBA is that metabolite concentrations and consequences of changes in enzyme properties cannot be predicted without further assumptions. The FBA may for instance show how much of a harmful metabolite is formed per hour, but does not by itself provide a reliable prediction of the blood or tissue concentration of the metabolite. The FBA approach has, however, one important advantage: the precise kinetic equations, which contain the many parameters that govern the rate of enzymatic reactions, do not have to be known to calculate the distribution of fluxes in the metabolic network. This is an advantage because the properties of many enzymes are insufficiently known. Enzyme parameters are usually measured in an artificial environment in the test tube, and it is doubtful that this reflects the situation in the cells where a dense, structured environment exists. Enzymes and other proteins are often chemically modified inside the cells, transported to other intracellular compartments and form dynamic complexes. Different versions of an enzyme, isoforms, are often found in different tissues and at different stages of development or disease. Complex experiments in the intact human body and in human cell or organ cultures will be needed to fine-tune the equations for metabolism and define the dynamic contribution of various forms of the enzymes.
The distribution of fluxes has been predicted for large metabolic networks, for instance for brain and cancer cells [70, 72, 73] or for cells in the gut [74] . Changes in brain metabolism during Alzheimer's disease have initially been predicted based on the reduction of the maximal flux measured for one enzyme (2-oxoglutarate dehydrogenase) that catalyses a reaction midway in the Krebs or tricarboxylic acid cycle) [70] . Changes in expression of genes coding for the enzymes in a metabolic network model are now also used for the analysis of network fluxes. The levels of gene transcripts for many enzymes, measured in post-mortem samples from patients, were analysed with the network model of metabolism (figure 5), which led to the prediction of large changes in metabolic fluxes in the brains of Alzheimer's disease patients [67] .
The human metabolic system is extensively and dynamically regulated by modifying the properties and levels of enzymes. In response to hormones arriving at the cell surface, phosphate groups are for instance attached to specific sites on the enzymes which alter the enzyme's catalytic properties. Such regulation of multiple sites in the metabolic pathways is very powerful. The kinetic equations for such regulatory processes are even less well known than for the biochemical reactions. In addition, the amount of an enzyme present in the cell can change strongly under control of regulatory processes which alter the rate of synthesis or breakdown of the enzyme. It is still very difficult to accurately and comprehensively model regulation of metabolism. The same is true for processes related to metabolism which lead to cellular damage. An attempt was made to model energy metabolism, feedback loops and stress responses during ageing using a fuzzy logic approach [75] . Note that this approach does not require very precise quantitative relations for molecular interaction processes, with obvious consequences for the results. While quantitative modelling of complex regulatory processes is difficult, comprehensive modelling of flux distributions in the (near) steady state using FBA can yield useful results and is potentially applicable to large networks. Quantitative analysis of flux distributions may therefore be a useful approach to determine changes in metabolism during ageing.
Mitochondrial degradation and homeodynamics
Mitochondria play a key role in metabolism, and the question is how the changes in capacity and properties of mitochondria can be incorporated in metabolic models of ageing. Diminished physical activity will lead to diminished muscle cell size, chronic under-stimulation of mitochondrial ATP production, net protein and enzyme degradation, and reduced capacity to respond to high demand. In vivo measurements of mitochondrial metabolism in ageing individuals are necessary to provide data for the models. A particular example is provided by Conley and co-workers [76] [77] [78] . They examined the status of high-energy phosphates in exercising people using magnetic resonance spectroscopy. Figure 6 shows that the time course or recovery of phosphocreatine, PCr, an energy store and cytosolic buffer for ATP, after a 2 min contraction of the muscle is slower in the elderly than in younger men. The rate constant for PCr recovery (K PCr ), reflecting oxidative capacity in the muscle, diminished with age.
Conley [79] found that mitochondrial volume density was significantly lower (2.9 + 0.15% of volume) in elderly compared with younger adult muscle (3.6 + 0.11%). The oxidative capacity per mitochondrial volume is also reduced, indicating diminished mitochondrial efficiency. In more recent studies [77] , they also used optical spectroscopy to non-invasively measure oxygen uptake and ATP turnover in the tibialis anterior muscle in the leg, and from those calculated the ratio of number of oxygen molecules used to produce one ATP. The muscle was made ischaemic by an occlusion cuff, and the haemoglobin (oxygen carrying molecule in the blood) and myoglobin (oxygen buffer inside muscle cells) spectra were analysed to provide the rate of utilization of O 2 . When the oxygen was totally depleted so that ATP could not be rsfs.royalsocietypublishing.org Interface Focus 6: 20150079 generated, the rate of ATP depletion was estimated by measuring the decay slope of the PCr signal measured by NMR spectroscopy. The results were clear: ATP flux was definitively less in the elderly and the ratio of ATP formation to oxygen uptake was low in the elderly [77] . This indicates reduced efficiency in generating ATP, possibly due to proton leak across the mitochondrial inner membrane. The elderly are also less efficient at another level: the demand for oxygen is higher per watt of energy output by the muscles. In older people not only loss of mitochondrial volume, but also loss of mitochondrial performance per unit volume is seen, probably caused by degradative accumulations of molecular and membrane damage in aged mitochondria and cells. How can this be prevented?
Conley suggests that one can improve mitochondrial function and elevate gene expression levels by exercise training [78] . Signalling pathways that influence mitochondrial synthesis and function have been explored in increasing detail over the past two decades. Peroxisome proliferator-activated receptor-g coactivator (PGC-1a), a member of a family of transcription coactivators, plays a central role in mitochondrial remodelling, the regulation of fatty acid oxidation and the transcription of antagonists of ROS, all influencing the progress of ageing [80] . PGC-1a stimulates mitochondrial formation and recycling, and the remodelling of muscle tissue to a fibre-type composition that is metabolically more oxidative and less glycolytic in nature. By upregulating lipid metabolism it participates in the downregulation of carbohydrate usage, meaning it is playing a role in substrate switching. It probably also plays a role in fibre-type switching in skeletal muscle, between fast twitch glycolytic fibres and slow twitch oxidative fibres. PGC-1a is an important node in extensive nutrient sensing signalling networks and improves mitochondrial function.
The accumulation of defective mitochondria, degradation of damaged organelles and building of new ones during ageing is being modelled computationally [81, 82] , but many facets are still undetermined. The fission-fusion cycling of mitochondria, not yet well understood, appears to be important in maintaining mitochondrial quality [83] . It is hypothesized that reactive oxygen and nitrogen species are involved in the regulation of mitochondrial shape and function with hydroxyl and superoxide anions as local messengers and hydrogen peroxide and nitric oxide as messengers which diffuse farther into the cytosol and out of the cell. Two additional intracellular homeostatic regulatory circuits were proposed for redox homeostasis within mitochondria and cytosol [83] . While the severity of oxidative stress is variable, it is countered by the inhibition of ROS generation by substances produced in response to PGC-1a, resulting in antioxidant upregulation. Mitochondrial deterioration with ageing implies diminished success in replacing damaged proteins, transcription regulators or genes. Some of the damage may be simply the accumulation of infrequent errors in proofreading during transcription, but ROS and even radiation from outside the body are more likely causes.
Metabolism and proteostasis
The turnover of protein, monthly or so [15] , is throughout the body, even in cells which are not dividing any more. Homeostasis of the protein content of the cells has been termed proteostasis. The balance between protein degradation and synthesis depends on several mechanisms for protein degradation; these are usually well regulated to remove damaged proteins [11, 15] . Nevertheless, during ageing there are progressive changes in the proteome, and damaged proteins as well as protein aggregates accumulate. Clumps of damaged proteins will hinder cell function and aggregates of misfolded proteins play a role in neurodegeneration during Alzheimer's and Parkinson's disease. Renewal of the protein content is directly linked to metabolism [15] and is regulated by hormone systems such as insulin, IGF and mTOR which are also linked to metabolism [62] . Signals generated during the metabolism of glucose appear to regulate protein turnover in the heart [15, 84] .
Although physico-chemical characteristics of oxidation of proteins have been studied [85] , computational models of protein damage and repair are scarce, if existing at all. It will be a challenge to couple models of metabolic pathways to levels of damaged proteins and levels of regulatory molecules. It should be possible to build separate protein breakdown and protein synthesis reactions in metabolic models to analyse protein turnover. These can be linked to experimental measurements of the protein turnover and to simultaneous rsfs.royalsocietypublishing.org Interface Focus 6: 20150079 measurements of metabolism. In particular, the synthesis of non-essential amino acids and the uptake of essential amino acids, which the body cannot synthesize, may be analysed to unravel the links between protein turnover and metabolism during ageing.
Chain of physiological processes for oxygen and nutrient supply
A chain of physiological processes determines endurance. Oxygen transport and consumption in the tissue is a very important factor. If lung capacity becomes low, oxygen transport between air and blood may become limiting. If the heart pumps weakly, then cardiac output may become a limiting factor. In the case of anaemia, the oxygen carrying capacity of the blood may become a problem. The illegal erythropoietin usage of pro cyclists and runners illustrates that the haematocrit or haemoglobin content of the blood form determinants of endurance. Capillary blood flow and diffusion of oxygen between blood and muscle cells are further steps in the chain. The mitochondrial capacity in the muscle cells to turn nutrients and oxygen into ATP necessary for contraction is potentially an important factor which determines endurance (see above). None of these links in the chain may form the absolute unique limiting step, but the contribution to limitation of endurance may be distributed over several of these links. Understanding the effects of changes in the various links in the chain during ageing requires computational modelling. An example of a model of oxygen uptake including circulatory interactions was used by Benson et al. [86] to fit experimental data on the dynamic adaptation to exercise. The distribution of energy conversion and temperature regulation during cycling has also been modelled [87] . Such models may be fine-tuned by doing experiments in various age groups, measuring oxygen uptake in the exercise laboratory, muscle oxygenation with near-infrared spectroscopy, muscle perfusion with NMR methods, changes in metabolite levels and fluxes as well as mitochondrial function with NMR spectroscopy.
Similar considerations apply to uptake and transport of nutrients via digestion, uptake across the gut wall, molecular processing in the liver, transport in the blood, uptake and storage in tissue, etc. The microbes in the large intestine play an important role in the processing of food. There are so many species of microorganisms in the gut that detailed in silico modelling of total gut metabolism will be difficult and use of in vitro models of the human gut microbiota provides an alternative [88] . On the other hand, modelling of metabolism in the human gut microbiota has recently been attempted by restricting the model description to five example microorganisms that are representative of the hundreds of species actually found in the gut [89] . Digestive and transport processes which precede intracellular metabolism can be captured in computational models which can be tested and fine-tuned based on experimental data. For brevity, we have restricted ourselves mainly to the discussion of oxygen transport as an example.
Multiscale homeostasis
Regulatory interactions involving transfer of information and physical transport of molecules and heat take place in the human body at many levels, both inside cells and across large distances between organs. Many complex signalling systems operate between and inside the cells to adapt functioning at the intracellular molecular level to the needs of the body. The function of organelles such as the mitochondria must be coordinated with overall cellular function. The process of ageing is not restricted to just one or a few of these systems. Many intersecting molecular processes play a role (figure 7).
Nine tentative hallmarks for ageing have been nominated [11] , among them loss of proteostasis, deregulated nutrient sensing and mitochondrial dysfunction. Given that no single process seems to dominate the ageing process, the interaction of many slow deterioration processes may determine ageing. Does the body behave, for instance, like a system that becomes 50% weaker if three of its parts each individually become 10% weaker? That would mean as far as damage is concerned, 'the whole is more than the sum of its parts'. Or do homeostatic mechanisms enhance robustness and prevent that whole body performance becomes equally weak as individual parts until such compensation eventually breaks down? Computational modelling of the interaction among the processes involved in ageing, taking processes at all levels into account, Figure 7 . Intracellular molecular processes involved in ageing. Both short-term adaptation of energy metabolism to dynamic cell work (ATP breakdown for muscle contraction, nerve firing, etc.) and long-term adaptation ( protein turnover and build-up of protein mass) are interlinked. ATP production by the mitochondria is coupled to oxygen consumption. This cellular level is connected to processes at higher levels, such as the supply chains for oxygen and nutrients and hormonal signalling. ROS may damage DNA in the cell nucleus and the mitochondria. Damaged DNA leads to altered and dysfunctional protein molecules. may help to find the answer to such questions. In any case, oxygen transport, nutrient supply and hormonal and neural signalling link the body systems involved in metabolism, endurance and ageing across many scales to determine the 'milieu intérieur' in which the intracellular processes of ageing take place. Homeostatic processes above the cell level therefore need to be taken into account in the modelling process. A limitation is that despite the large amount of experimental information, the properties of molecular interactions in the signalling pathways are often not yet completely quantifiable and therefore of limited use for mechanistic and predictive modelling.
Possible contributions to the quantitative
human physiome: endurance and metabolism during ageing
The human body consists of many components. There are for instance about 22 000 genes that code for proteins. This vast amount of information at the molecular level is overwhelming, making it difficult to see the forest for the trees. Many interactions at many levels are candidates for investigation and inevitably choices have to be made, depending on available information and access to measurements to build useful models. There are, however, some areas where valuable insight may be gained if computational modelling and targeted experimental data collection are combined. Metabolism plays a key role in ageing and exercise. There is a lot of information on the components of metabolism, from the genes involved in metabolism found in the genome and from accumulated knowledge of about a century of biochemical laboratory work. This knowledge is presently already incorporated in digital reconstructions, such as Recon 2 [66] . There are efficient ways to use this information to predict the distribution of metabolic fluxes in cells by using the flux balance principle. On the other hand, models for the metabolism of specific cell types in the body are still scarce and incomplete. There are about 200 cell types in the body, organized in tissues and organs that communicate by exchanging metabolites and hormones. Given the importance of metabolism for human physiology and the good knowledge base, it should be a high priority for Physiome research to model and quantify the flow of metabolites in the human system. This applies not only to intracellular biochemical reactions but also to uptake in the gut and transport via the blood. This requires not only a computational effort, but definitely also extensive measurements.
Metabolite levels in blood and tissue can be measured, even quantifying many metabolites simultaneously with mass spectrometry or NMR spectroscopy. Exchange of metabolites between blood and tissue can be determined by measuring the concentrations in arterial and venous blood and multiplying their difference with the local blood flow [69] . NMR spectroscopy makes it possible to measure metabolites and metabolic fluxes in tissue non-invasively, although with limited sensitivity [90, 91] . Providing the body with nutrients that have been labelled with stable isotopes makes it possible to follow metabolism by taking samples from blood, gut content [88] , tissue samples [92] [93] [94] [95] or measuring metabolic fluxes non-invasively by positron emission tomography or NMR spectroscopy [96] . Almost completely carbon-13 enriched plants are for instance available to serve as a source of nutrition labelled with a stable (non-radioactive) isotope, meaning it can be determined how the carbon atoms travel in the metabolic networks and even making quantitation of fluxes possible. These studies of human metabolism can be used to determine shifts in metabolism during ageing. The shifts in metabolic fluxes should then be determined during caloric restriction and dietary interventions which are of interest because of their apparently beneficial effects on health and ageing. The shifts in metabolism in people who exercise regularly should also be investigated, not only during exercise but also in the resting state. The dynamics of human physiology is of key importance and the dynamics of metabolic adaptation should be integral to the study, for instance by studying adaptation during cycles of fasting and eating. This may give clues as to why regular exercise not only improves the circulatory and muscle system, but also systems that seem not to be directly affected by exercise, such as the brain and immune cells. Given the effects of insulin and related hormones on ageing in lower organisms and the development of diabetes, studying the effects of these hormones in humans by comprehensively mapping shifts in the metabolic system would be highly desirable, although the risks of studies on healthy subjects during interventions in these hormonal systems should be carefully considered. The life expectancy of women is consistently greater than of men by several years which is not explained by social and lifestyle factors. It is therefore desirable to study the changes in metabolism with age both in women and in men.
Flux balance models are very suited to study large human metabolic networks because they deal efficiently with available information. Full kinetic models will be possible for only part of all biochemical pathways in the short run. Approaches are therefore necessary to link fluxes to metabolite levels.
To begin computational modelling to understand the physiology of ageing, three starting points are in principle possible: a bottom-up, top-down or middle-out view of the system. The investigation of metabolism alluded to in the previous paragraph may be viewed as a bottom-up approach from the molecular metabolic level to integrated body function. However, we should realize that this is not quite the bottom because details at the level of enzymes are ignored. Details of the regulation of metabolism via networks of interacting signalling proteins [55] are of great interest, although probably harder to quantify at this point in time than the regulated metabolic fluxes per se. The regulatory details at the bottom level are presently difficult to integrate in a robust way. On the other, attempts have been made to translate changes at the gene expression level to changes in metabolic flux distribution [67] .
Large robust fluxes can be assessed, enabling the study of changes in the use of major nutrients, such as carbohydrates, lipids, amino acids and proteins. The subtle fluxes connected with oxidative damage form a greater challenge. A 'middleout' approach [97, 98] , where computational models and experiments are developed starting at the mitochondrial or cell level, then stretch through the tissue and organ level towards the whole body, may be a viable competitor to the bottom-up and top-down approaches. Although hypotheses on oxidative damage as the cause of ageing and disease have generated an enormous amount of publications [18] , the importance of oxidative damage remains controversial [21] . The difficulty of measuring short-lived oxygen radicals may have caused this [9] . We propose here that detailed molecular modelling of mitochondrial metabolism, in particular of electron flow in the respiratory chain, may be helpful to understand oxygen radical generation. The conditions that increase oxygen radical generation in isolated mitochondria or submitochondrial particles could be systematically investigated by a close interplay between experiments and modelling. We propose the hypothesis that oscillations in ATP synthesis and low ADP levels stimulate oxygen radical generation. Cyclic ATP synthesis, O 2 consumption, electron flow, and reduction and oxidation of electron carriers, for instance during cyclic contraction in heart and skeletal muscle might stimulate oxygen radical formation [5] . When activities of the buffering enzyme creatine kinase are lower during heart failure, there is an increased amplitude of oscillation and a lower minimal concentration of ADP during heart muscle contraction [5, 91] which may induce higher oxygen radical formation that in turn may cause heart failure. We propose that investigation of oxygen radical formation in mitochondrial systems in vitro in combination with modelling at the molecular level may make it possible to understand the regulation of oxygen radical formation better. Modelling at the molecular level of how ROS diffuse and react in the immediate environment where they are formed [9] would complement this. The combination will enhance our understanding of the role of oxygen radicals in ageing.
To complement the proposed bottom-up and middle-out approaches, a top-down approach is an attractive alternative possibility. Responses to exercise in ageing people can be characterized with physiological measurements and interpreted with quantitative models. Examples of measurements are oxygen uptake, heart rate, metabolite levels in blood and tissue, temperature, blood flow, etc. The time course of the response will be especially informative. Changes in the potential bottlenecks for endurance performance (lung, heart, blood vessels, muscle mass, mitochondrial metabolism, other metabolic pathways) can be followed during ageing. We may then be able to predict how exercise training and nutritional interventions can make the bottlenecks wider during the ageing process. An important question to address is how it is possible that a high VO 2max correlates with survival. The oxygen that is measured under maximal exercise conditions is mainly taken up by skeletal muscle, while other organs and cell types seem more important for prevention of disease and death than the maximal performance of skeletal muscle during exercise.
The response of the circulatory system to changing cardiac workload may help reveal the intersecting systems that regulate heart rate and its natural variability. Advanced models of the electrophysiology of the heart including pacemaker activity already exist [98] and may be extended with the effects of regulatory loops that affect the heart rhythm. This may allow us to understand HRV and improve its predictive possibilities.
The gap between the bottom-up and top-down approaches can be gradually closed to obtain comprehensive computational models of changes in endurance and metabolism during ageing. One may for instance incorporate models at the level of the mitochondria in the muscle cells ( figure 7) into the model of oxygen transport to investigate endurance. Relevant components of the system can be added gradually to such a model. One can think of oxygen transport to the mitochondria, glycolysis to supply the mitochondria with products from carbohydrates, lipid metabolism, the cycle of removing damaged mitochondria and rebuilding them, fusion and fission of the mitochondria, etc.
Will studying how and why endurance and metabolism change during ageing throw light on the general causes of ageing? The least we can say is that endurance and metabolism provide well-quantifiable variables which can be related to ageing. Endurance and metabolism reflect dynamic aspects of human physiology and provide a window to look at ageing processes and therefore a great opportunity to apply Quantitative Physiome approaches to study human health. The metabolic networks in the human body, mitochondrial oxygen radical generation and the dynamic response to exercise appear amenable to in depth modelling and analysis with a physiome approach. Of course there are many systems that may be important for ageing. Modelling of DNA replication stress, telomere shortening, non-oxidative damage to proteins, replacement of damaged cells by stem cells, etc., are highly relevant. Quantitative investigation of stem cell viability and function and its link to mitochondria and metabolism would be highly desirable, combining suitable experimental systems with model analysis. In the description of questions addressable with physiome approaches above, we have given priority to a few systems that not only are important for ageing, but for which also sufficient prior knowledge and methodology is presently available to make them suitable targets for in depth analysis in the very near future.
Hypothetical scenario
Having a hypothesis on what may be an important process in ageing may help to focus thought and effort during the development of a physiome model of metabolism. A partial explanation of the effect of caloric restriction on ageing was formulated by Spindler [99] , who stated that caloric restriction enhances and maintains protein turnover and renewal which would normally decline with ageing. He found in mice that messenger RNAs for enzymes that are needed for protein turnover in the body are upregulated during caloric restriction. After meals, glucose levels in the blood go up and are subsequently downregulated via glucose uptake in tissues, which is stimulated by insulin excretion from the pancreas. This is accompanied by a wave of protein synthesis. Between meals glucose levels in the blood are maintained, among others via glucose synthesis in the liver: the material needed for such synthesis is derived from protein breakdown in peripheral tissues. This cycle forms an example of metabolic homeostasis with very dynamic aspects. During caloric restriction there could be enhanced turnover of protein which improves clearance of damaged protein and in that way promotes health and ageing.
However, this hypothesis does not by itself explain how caloric restriction may bring about changes in the 'waves' of protein synthesis and breakdown between meals. Is the amplitude of the waves of protein synthesis and breakdown really higher during caloric restriction? If so, what is the mechanism underlying the increased amplitude? Is this wave stimulated by exercise? Does this mechanism also explain why deletion of the insulin and IGF pathways increases longevity in animal experiments? Can this hypothesis explain the finding that intermittent fasting for 1 or 2 days promotes health and longevity [2] . Beneficial effects of such intermittent fasting are even found when total food intake is not diminished. At first glance, larger amplitudes of the waves of protein synthesis and breakdown during intermittent fasting would be in line with the hypothesis.
